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Introduction
One of the most flexible systems for the study of spin-crossover phenomena, 1-3 in bulk materials [4] [5] [6] and at the nanoscale, 7 is the [Fe(bpp) 2 ] 2+ family of complexes (bpp is a derivative of 2,6di(pyrazol-1-yl)pyridine). [8] [9] [10] A particular advantage of these complexes is that synthetic routes are available to functionalise [Fe(bpp) 2 ] 2+ centres at every position of their ligand periphery. 11 On one hand, this provides a route to attach functional substituents to [Fe(bpp) 2 ] 2+ centres for the production of multifunctional switchable materials. 12 On the other hand, it also provides a means to attach tether groups to [Fe(bpp) 2 ] 2+ , for use in nanostructures or device applications. 13, 14 No other type of compound, that reliably undergoes spin-crossover compound, has such a flexible synthetic and structural chemistry.
Through our continued interest in [Fe(bpp) 2 ] 2+ chemistry, 8, 10 we have recently extended the chemistry of these complexes by reporting the first bpp derivatives bearing thiyl and sulfanyl substituents. [14] [15] [16] Crystals of [Fe(L SMe ) 2 ][BF 4 ] 2 (1[BF 4 ] 2 , Chart 1) proved noteworthy, by undergoing a crystallographic phase change at 205 K, that is independent from their abrupt spinstate transition at 265 K. 17 Unusually, this phase change was only observed in single crystalline material. Powder samples of the same compound are isostructural with the crystals at room temperature, and exhibit the same spin-transition, but do not transform to the new crystal phase upon further cooling. We report here the corresponding perchlorate salt [Fe(L SMe ) 2 ][ClO 4 ] 2 (1[ClO 4 ] 2 ), whose structural chemistry differs significantly from 1[BF 4 ] 2 , as well as new ligands and complexes derived by oxidation of the sulfanyl group in L SMe .
Scheme 1 Ligands referred to in this work.
Results and Discussion
The ligand L SMe was prepared by our published method, 16 by methylation of 4-mercapto-2,6-dipyrazolylpyridine. 14, 15 Selective oxidation of L SMe was achieved using aqueous H 2 O 2 or mCPBA, respectively giving L SOMe and L SO2Me in moderate (30-40 %) yields after the usual work-up. Although their NMR spectra were similar, the two oxidised ligands were distinguishable by mass spectrometry and by microanalysis. The identity of L SO2Me was also confirmed by an X-ray crystal structure determination ( Fig. 1 Slow diffusion of diethyl ether into nitromethane solutions of 1[ClO 4 ] 2 yields solvent-free crystals of the complex. Polycrystalline samples are high-spin at 300 K from magnetic susceptibility data ( M T = 3.5 cm 3 mol 1 K), 16 but undergo an abrupt spin-state transition just below room temperature (Fig.  2) . The transition exhibits a small thermal hysteresis under the conditions of measurement (T ½ = 255 K, T ½ = 258 K). Unusually, a shoulder is observed on the cooling branch of the transition, but not the warming branch, at approximately twothirds spin conversion. This is clearly evident in a firstderivative  M T/T plot from the same data, which shows an additional maximum at 247 K in cooling mode (Fig. 2 ). This anomaly in the thermal behaviour of 1[ClO 4 ] 2 is also evident by differential scanning calorimetry, which shows endotherm and exotherm peaks corresponding to the spin-transition at T ½ = 255 K and T ½ = 258 K, again with a pronounced shoulder on the cooling curve which is not evident in warming mode (ESI †). Thermodynamic parameters for the spin-transition are H = 10.1 kJmol 1 and S = 39 Jmol 1 K 1 . Single crystals of 1[ClO 4 ] 2 are isostructural with 1[BF 4 ] 2 at room temperature, in the orthorhombic space group Pbcn with Z = 12 (phase 1). 16 There are 1.5 formula units in the asymmetric unit, with a half-molecule of the complex lying on a C 2 axis (molecule A) and a second whole molecule on a general crystallographic site (molecule B). Cooling the crystal below the spin-transition temperature causes a crystallographic phase change, to the orthorhombic space group P2 1 2 1 2 1 with two unique molecules in the asymmetric unit ( Z = 8; phase 2). Although this is a chiral space group, phase 2 of 1[ClO 4 ] 2 is racemically twinned. Interestingly, phase 2 is not isostructural with the low-temperature phase of 1[BF 4 ] 2 , which instead retains the Pbcn space group with a contracted unit cell. 16 Unit cell data show that the crystal phase change occurs at a temperature between 240-248 K, just below the onset of the spin-transition which is evident in a contraction of the unit cell a and V parameters below 260 K (Fig. 3 ). The reverse phase 2 phase 1 transformation apparently takes place concurrently with the low high spin state change, at 258 K ( Fig. 2 and ESI †). The normalised unit cell volume is unaffected by the crystallographic phase change, within experimental error. Full crystallographic refinements of 1[ClO 4 ] 2 were achieved at four temperatures ( Fig. 4 ): 280 K (phase 1, when it is highspin); 253 K (phase 1, just above the phase transition); 240 K (phase 2, just below the phase transition); and 150 K (phase 2). The results are fully consistent with the susceptibility and DSC data, in showing that the bulk of the high low spin state transition takes place at a slightly higher temperature than the change in crystal symmetry ( Fig. 2 and Table 1) . At 280 K, the two independent iron centres are both high-spin, with essentially identical Fe N bond lengths. At 253 K the crystal is still in phase 1 but the Fe N bond lengths have contracted significantly, indicating that spin-crossover has taken place. While molecule B is essentially low-spin, the metric parameters at molecule A imply an approximately 1:1 high-spin:low-spin population at this temperature ( Table 1 ). The overall spin-state population at 253 K, based on a 1:2 weighted average of the structures of molecules A and B, is in good agreement with the susceptibility data ( Fig. 2 ). This behaviour resembles phase 1 of 1[BF 4 ] 2 , where half-molecule A also undergoes spin-crossover more gradually than molecule B on cooling. 16 At 240 and 150 K the crystal has transformed to phase 2, which now contains two complete, independent formula units in its asymmetric unit. Both molecules of the complex are fully low-spin in this phase, at each temperature. Hence, the phase 1 phase 2 transformation appears to be required for 1[ClO 4 ] 2 to attain its fully low-spin state. As mentioned previously, phase 2 of this material is not isostructural with the lowtemperature phase of 1[BF 4 ] 2 ; this is discussed further below.
Phases 1 and 2 of 1[ClO 4 ] 2 exhibit similar molecular packing, containing layers of cations. Each cation interacts with two nearest neighbours in the same layer through face-to-face and edge-to-face - contacts. The dimensions of these intralayer interactions in phase 1 are little affected by the partial 
95.88 (18) 94.81 (17) transition on cooling to 253 K (ESI †). However, the phase 1 phase 2 transformation leads to a significant slippage and canting of neighbouring molecules within in the cation layers ( Fig. 5 and ESI †) . The methylsulfanyl groups from each layer protrude into the adjacent layers, occupying cavities bounded by three pyrazolyl groups from two different neighbour molecules. In phase 2, there are a number of intermolecular C H... contacts from the methyl substituents to these pyrazolyl rings, with C...C distances of 3.4-3.6 Å (tabulated in the ESI †; the sum of the van der Waals radii of a methyl group and an aromatic ring is 3.7 Å 20 ). These intermolecular contacts are significantly lengthened in phase 1 at 253 K, when the crystal is still predominantly low-spin. Hence, relief of the intermolecular steric clashes involving the methylsulfanyl substituents is likely to be the driving force for the phase 2 phase 1 transformation upon warming. 16 Importantly, there is no correspondence between the 'A' and 'B' molecular environments in phases 1 and 2 (ESI †). In phase 1, individual layers are of the 'A' and 'B' type, which stack parallel to the crystallographic a direction with an ABBABB motif. In contrast, in phase 2, the 'A' and 'B' molecular environments alternate within each layer. Interestingly, the orientations of the methylsulfanyl groups in neighbouring molecules are different in the two phases ( Fig.  5 and ESI †). In phase 1, the methylsulfanyl groups in each layer are all oriented the same way, while in phase 2 their orientations alternate within the layers. That implies the phase 1 phase 2 transformation involves a rotation or flipping of around half the methylsulfanyl substituents in the crystal, by ca. 180°(evidence for such a flipping process in the vicinity of its spin transition was also observed in phase 1 of 1[BF 4 ] 2 16 ). This methylsulfanyl group flipping is the likely origin of the racemic twinning in phase 2 of 1[ClO 4 ] 2 , while the activation energy associated with the conformational change may also be the cause of the thermal hysteresis. While there is substantial anion disorder in phase 1, this is still present in phase 2 at 240 K (it is frozen out in the 150 K structure). Hence, changes to anion disorder are unlikely to play a role in the phase transition.
The complexes 2[BF 4 ] 2 ·nH 2 O and 3[BF 4 ] 2 were not obtained as single crystals. Powder samples of the compounds are predominantly low-spin at room temperature, but exhibit the onset of gradual thermal spin-crossover as the temperature is raised with T ½ = 346±2 K (2[BF 4 ] 2 · nH 2 O) and >400 K (3[BF 4 ] 2 ; ESI †). The  M T vs. T curve of 2[BF 4 ] 2 ·nH 2 O is fully reversible upon heating and re-cooling in the range 290 ≤ T ≤ 350 K, showing that its spin-transition is not associated with loss of lattice water over this temperature range. 21 The spin-state properties of 1[BF 4 ] 2 , 2[BF 4 ] 2 and 3[BF 4 ] 2 in solution were also investigated in solution, which provides a more reliable measure of the effect of the sulfanyl, sulfinyl and sulfonyl substituents on the ligand field of the iron centres. Susceptibility data for 1[BF 4 ] 2 and 2[BF 4 ] 2 were measured in (CD 3 ) 2 CO, a weakly associating solvent with a useful liquid range for spin-transitions centred below room temperature. While data for 3[BF 4 ] 2 were obtained in CD 3 NO 2 , for solubility reasons, the use of these different solvents should have only a minor influence on the complexes' susceptibility behaviour. 22 All three samples exhibit spin-crossover equilibria in these solutions (Fig. 6) , with T ½ = 194±3 K (1[BF 4 ] 2 ), 284±3 K (2[BF 4 ] 2 ) and 294±3 K (3[BF 4 ] 2 ). The trend in T ½ implies that the more electron-withdrawing sulfone and sulfoxide substituents stabilise the low-spin state of a [Fe(bpp) 2 ] 2+ centre, compared to the parent complex 1[BF 4 ] 2 .
Conclusions
The spin-state behaviour and structural chemistry of 1[ClO 4 ] 2 and the previously published BF 4 salt of the same complex 15 are broadly similar, but differ in several respects. The salts are isostructural at room temperature (phase 1, in Pbcn with Z = 12). Moreover, in both phase 1 materials, molecules A and B undergo spin-crossover at a similar temperature but molecule A undergoes the transition less abruptly than molecule B. Finally, both compounds undergo a crystallographic phase change at lower temperature than their spin-crossover T ½ , 23 that appears to be triggered by molecule A becoming fully low-spin. However, the low-temperature, fully low-spin phase 2 in 1[ClO 4 ] 2 (P2 1 2 1 2 1 , Z = 8) is different from 1[BF 4 ] 2 (Pbcn, Z = 4). In addition, 1[BF 4 ] 2 exhibits the phase 1 phase 2 transition in single crystalline samples, but not as a bulk powder. 16 In contrast, low-spin 1[ClO 4 ] 2 adopts phase 2 in both types of sample. The crystallographic phase change in 1[ClO 4 ] 2 is hysteretic, occurring at T = 245±3 K and T = 258±1 K (the same temperature as the low high spin-state transition). That may reflect the activation energy associated with the flipping of the methylsulfanyl groups that takes places during the structure change.
Solid 1[BF 4 ] 2 and 1[ClO 4 ] 2 belong to a growing family of [Fe(bpp) 2 ] 2+ derivatives, that adopt this mode of crystal packing but exhibit different, spin-state dependent phase behaviour (ESI †). Other examples include iron(II) complex salts of 4bromo-2,6-di(pyrazol-1-yl)pyridine ( L Br ) and 4-iodo-2,6di(pyrazol-1-yl)pyridine (L I ), which undergo gradual spincrossover above room temperature and retain the same crystal symmetry in both spin states (Pbcn, Z = 4); 16, 24 and, 4-ethynyl-2,6-di(pyrazol-1-yl)pyridine (L CCH ), which exhibits a more complicated interplay between three different crystal phases (ESI †). 25 While characterisation of 2[BF 4 ] 2 · nH 2 O and 3[BF 4 ] 2 has been limited by their poor crystallinity, it is clear that oxidation of the sulfanyl substituents in [Fe( L SMe ) 2 ] 2+ results in stabilisation of its low-spin state, thus increasing T ½ for spincrossover. That is counter-intuitive at first glance, since more electron-withdrawing sulfinyl and sulfonyl substituents would be expected to reduce the basicity of the bpp moiety, and thus weaken the ligand field in its complexes. We are currently undertaking a more detailed investigation of this question, for future publication. BF 4 ] 2 ) were prepared by our previously reported methods. 16 All other reagents were purchased commercially and used as supplied.
Synthesis of 4-(methylsulfinyl)-2,6-di(pyrazol-1-yl)pyridine (L SOMe ). Solid L SMe (0.17 g, 0.61 mmol) was dissolved in glacial acetic acid (10 cm 3 ), with stirring. Aqueous hydrogen peroxide (30 % w/v; 0.35 cm 3 , 3.57 mmol) was then carefully added to the solution, and the mixture was stirred at room temperature for 5 h. The resultant yellow solution was neutralised with aqueous NaOH, leading to a cloudy precipitate which was extracted with dichloromethane (2 x 50 cm 3 ). The extracts were dried over MgSO 4 and filtered, then evaporated to dryness. The brown residue was eluted through a silica gel column (eluent 99: 13 
Synthesis of 4-(methylsulfonyl)-2,6-di(pyrazol-1-yl)pyridine (L SO2Me ).
A solution of L SMe (0.14 g, 0.52 mmol) in dichloromethane (15 cm 3 ) was cooled to 0°C. 3-Chloroperbenzoic acid (0.25 g, 1.13 mmol) was then added carefully, and the mixture was stirred at this temperature for 1 hr, before being warmed to room temperature and stirred for a further 5 hrs. The solution was diluted to 35 cm 3 
Single crystal X-ray structure determinations
Diffraction data for were measured using an Agilent Supernova dual-source diffractometer, using monochromated Cu-Kradiation ( = 1.54184 Å). The diffractometer is fitted with an Oxford Cryostream low-temperature device. Experimental details of the structure determinations are given in Table 2 . All the structures were solved by direct methods ( SHELXS97 26 ), and developed by full least-squares refinement on F 2 (SHELXL97 26 ). Crystallographic figures were prepared using XSEED, 27 which incorporates POVRAY. 28 See http://dx.doi.org/10.1039/b000000x/ for crystallographic files in .cif format.
X-ray structure refinements L SO2Me
No disorder is present in this structure, and no restraints were applied to the refinement. All non-H atoms are refined anisotropically, while H atoms were placed in calculated positions and refined using a riding model. 2 . Four datasets were recorded, using two different crystals of the compound. One crystal was used for the initial determinations at 150 and 280 K, while a second crystal was employed for the determinations at 240 and 253 K, in the region of the spin transition.
1[ClO 4 ]
At 253 and 280 K, the compound adopts the space group
Other measurements
Elemental microanalyses were performed by the University of Leeds School of Chemistry microanalytical service. Electrospray mass spectra (ESMS) were obtained on a Bruker MicroTOF spectrometer, from MeCN feed solutions. All mass peaks have the correct isotopic distributions for the proposed assignments. The differential scanning calorimetry measurement used a TA Instruments DSC Q20 calorimeter, heating at a rate of 10 K min −1 .
Magnetic susceptibility measurements were performed on a Quantum Design VSM SQUID magnetometer, in an applied field of 5000 G. Data were acquired in cooling and warming modes, on a 5 K min −1 temperature ramp. A diamagnetic correction for the sample was estimated from Pascal's constants; 16 a diamagnetic correction for the sample holder was also measured separately, and applied to the data. Magnetic susceptibility measurements in solution were obtained by Evans method using a Bruker Avance500 spectrometer operating at 500.13 MHz. 30 Tetramethylsilane was added to all the solutions as an internal standard. A diamagnetic correction for the sample, 17 and a correction for the variation of the density of the solvent with temperature, 31 were applied to these data.
